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Abstract
The way cells are organized within a tissue dictates how they sense and respond to extracellular 
signals, as cues are received and interpreted based on expression and organization of receptors, 
downstream signaling proteins, and transcription factors. Part of this microenvironmental context 
is the result of forces acting on the cell, including forces from other cells or from the cellular 
substrate or basement membrane. However, measuring forces exerted on and by cells is difficult, 
particularly in an in vivo context, and interpreting how forces affect downstream cellular 
processes poses an even greater challenge. Here, we present a simple method for monitoring and 
analyzing forces generated from cell collectives. We demonstrate the ability to generate traction 
force data from human embryonic stem cells grown in large organized epithelial sheets to 
determine the magnitude and organization of cell–ECM and cell–cell forces within a self-
renewing colony. We show that this method can be used to measure forces in a dynamic hESC 
system and demonstrate the ability to map intracolony protein localization to force organization.
Keywords
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1. Introduction
Coordinated cell movements are required in physiological processes important to 
development, growth, and disease states, including embryogenesis, adult stem cell 
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differentiation, wound repair, and metastasis. The ability of a cell to determine when and 
how to move in the context of a tissue is dependent on its ability to sense and respond to 
extracellular cues, which include the forces supplied by neighboring cells and the rigidity 
and composition of the extracellular matrix. An extrinsic force can cause dramatic changes 
in cell state, for example, shear stress caused by blood flow can affect endothelial cell 
proliferation, apoptosis, migration, and gene expression [1]. But merely altering the 
properties of the substrate to which cells are adhered also causes significant changes to the 
cell, as cells apply forces to their substrates and respond to the resistance that they sense [2]. 
The resulting changes include reorganization of the cytoskeleton and cellular adhesions, 
including those at cell–cell and cell–ECM boundaries. These changes can feedback to 
stabilize a morphological transition, as modulation of ECM properties that affect cell–ECM 
forces directly alters cell–cell tension [3]. As adhesions form and break down, their 
associated proteins are stabilized or degraded, which can affect downstream signaling 
pathways and lead to a transcriptional response. Though we know much about how cells 
acting alone sense, process, and transmit mechanical signals, less is understood about the 
forces that regulate cells working as collectives in the physiological context of a tissue.
Cell reorganization in the context of a tissue is a primary component of embryonic 
development, as cells must be precisely localized within the complex embryo as their fate is 
specified. Work in model organisms has defined specific examples of forces driving the 
cellular rearrangements of embryogenesis, for example, mechanical stimuli are required for 
epidermal elongation in Caenorhabditis elegans [4], mechanical stretching of Drosophila 
wing discs promotes cell proliferation during development [5], and mechanotransduction 
through cell–cell adhesion is a driver of Xenopus gastrulation [6]. In all these cases, 
actomyosin organization and rearrangement play a role, particularly in terms of coordinating 
the cell–cell versus cell–ECM adhesion forces that are coupled to actomyosin networks 
[7,8]. Actomyosin contractility also plays an instructive role in gastrulation [9–11], when 
cells within the epiblastic epithelium undergo an EMT to migrate into the primitive streak 
and form the endoderm and mesoderm germ layers [12,13]. While much is known about the 
soluble signals that emanate proximal and distal to the streak to drive this process, the extent 
to which the forces elaborated during maturation of the epiblastic epithelium contribute to 
gastrulation is unknown. Thus, the way cells are spatiotemporally organized in terms of 
cell–cell and cell–ECM protein localization and the resulting force maturation in the 
developing embryo is a relatively unexplored but potentially crucially important component 
of developmental signaling.
What we do know about the forces present in the developing embryo is largely drawn from 
experiments in model organisms that use techniques such as compression tests on whole 
embryos or explanted embryonic tissue to assess deformability [14], laser ablation to locally 
cut a tissue and measure the resulting tension release [15,16], or FRET-based approaches to 
track the activation of mechanosignaling proteins such as Rac and Rho during development 
[17]. A recent novel method to study endogenous forces in living and developing tissues 
using fluorescently labeled microdroplets has enabled measurements of the cell-generated 
stresses in the dental mesenchyme of live mice, and is promising for future developmental 
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studies [18]. However, such studies are difficult to perform in the presence of external 
manipulations in a highly controlled environment.
Recent in vitro approaches permit analysis of how forces are organized in cell collectives, 
which provides relevant context to the cells in terms of cell–cell and cell–matrix forces. It is 
becoming increasingly evident that cells in collectives behave differently than single cells in 
terms of junction assembly and mechanotransduction events [19], so in vitro methods for 
careful study of specific collective cell properties will allow for tractable systems in which 
to better understand these emergent phenomena. In one approach known as traction force 
microscopy, adherent cells are grown on hydrogels containing fluorescent microbeads, 
whose displacement indicates the force applied by the cell to its substrate. Such work has 
provided insights into collective cell migration [20,21], heterogenous distribution of 
physical forces in colonies [22], and epithelial tissue dynamics [23]. FRET-based 
approaches have also been applied to epithelial collectives to assess transduction of 
mechanical forces [24] and intercellular tension distribution [25]. Applying these approaches 
to other cell types of epithelial origin, particularly those that are relevant to developmental 
processes, has the potential to uncover previously unknown requirements for the elaboration 
of forces in dictating cell fate and driving differentiation.
Human embryonic stem cells (hESCs) are isolated from the inner cell mass of a blastocyst, 
and are thought to be the in vitro equivalent of the pluripotent epiblast [26]. We previously 
showed that hESCs cultured on mechanically deformable polyacrylamide substrates of an 
appropriate stiffness can recapitulate the structural and morphological organization of an in 
vivo epiblast, including a columnar epithelium with basally displaced nuclei and well-
developed E-cadherin-based adherens junctions with cortical F-actin fibers [27]. Because 
hESCs cultured in this manner represent an epithelial sheet formed in a context that is 
relevant to embryonic development, understanding the mechanical properties exerted by 
these cells as they organize into colonies reminiscent of epiblastic organization could 
provide insight into the contribution of mechanical forces to embryo formation.
To build on our previously demonstrated ability to establish viable hESC colonies on soft 
hydrogels [27], we sought to leverage the recently developed techniques described above 
[20,22,23] to quantify the forces exerted by hESCs grown in colonies as they organized into 
epithelial sheets. To this end, we recently developed methods for hESC patterning coupled 
with measurements designed to analyze development and maturation of cell–ECM and cell–
cell forces. We describe a method for preparation of poly-acrylamide gels that can be used 
for force measurements and are robustly compatible with adherence and long-term culture of 
hESCs. We demonstrate how to plate hESCs in pre-gastrulation-stage embryo-sized colonies 
of defined geometries onto traction force hydrogels of defined compliance in a way that 
allows the cells to unrestrictedly adhere and organize, with the ability to model the embryo 
in terms of size, shape, and composition. With this system, we show how to apply traction 
force microscopy to measure cell–ECM forces in real time as the colonies mature, and also 
assess how cell–cell forces develop with a technique called monolayer stress microscopy 
[20], allowing us to generate a comprehensive picture of how forces develop in a 
developmentally relevant epithelial model system. Many differentiation protocols that begin 
with human pluripotent stem cells use monolayer culture as a starting point for 
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differentiation [28–32], and it has been shown that both extrinsic and intrinsic cell–matrix 
forces affect differentiation in other contexts [33,34], so the ability to quantify and 
manipulate forces could enhance our understanding of how mechanics is involved in many 
aspects of development.
This method enables us to observe and measure the cell mechanics that underlie embryonic 
processes. Embryonic stem cells have distinct mechanical properties, being softer and more 
sensitive to stress than their differentiated counterparts [35] and presumably than other 
model epithelial lines such as MDCK or MCF10A cells, systems in which most work has 
been done to establish principles for collective cell cohesion and organization. We thus 
describe a tool for understanding the relationship between tissue-scale self-organization and 
force in a simplified system that bridges the gap between pure tissue culture studies and 
those performed in embryos. Recent work has indicated that self-organized patterning of 
hESCs occurs when colony geometry is controlled [36], a result that was attributed to 
paracrine gradients but may also include a contribution from adhesion forces in these 
developmental analogs. With our system, we can examine not only how protein and 
signaling gradients are set up within epiblastic epithelium-like colonies, but also track the 
cell-intrinsic forces involved in differentiation and developmental processes. Our technique 
also allows for retroactive superimposition of relevant biomarker expression with traction 
force maps, enabling the establishment of links between endogenous forces and embryonic 
epithelial organization in the context of tissue geometries that are widely applicable to live-
cell temporal studies of development, differentiation, and migration.
2. Methods
The methods we present here build on our previously published method for preparing and 
culturing hESCs on ligand modified polyacrylamide gels [27], which was used to study the 
effects of substrate compliance on hESC differentiation at a population level in which 
hESCs were plated as single cells or small randomly plated colonies. However, as described 
above, the organization of cells within tissues underlies collective cell behaviors such as 
germ layer differentiation during development. This modified method provides 
improvements in gel casting and the chemistry of ligand conjugation but, more significantly, 
allows for control of colony size, shape, and position and integrates with current matrix 
traction force methods to quantify cell matrix and intercellular forces. Importantly, position 
control provides a means of non-destructively acquiring these forces, allowing end point 
analysis for correlation of molecular markers and underlying forces. This is accomplished by 
a set of unique approaches involving custom designed 3D printed culture wells and 
microscope stage mounts that simplify and streamline the preparation, plating and culture 
process.
2.1. Casting PA gels embedded with fluorescent beads
Polyacrylamide (PA), to a good approximation, is an elastic material. The elastic modulus, 
E, in pascals (Pa) is determined by the concentrations of acrylamide and the crosslinker 
bisacrylamide according to Table 1 and spans the range from soft tissue-like (E < 1 kPa) to 
stiff dense fibrous tissue ECMs (E = 10–30 kPa) [37]. While the stiffness chosen will 
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generally reflect that which is physiologically or experimentally relevant, at present there are 
some limitations to the application of this method to the entire range of possible stiffnesses. 
Most epithelial cells, including hESCs, will not generally develop sufficient contractile 
forces to distort bead positions for E > 10 kPa. We have also observed that there can be a z 
component to the force over the colony. This is small relative to xy displacements for 1 kPa 
> E > 10 kPa, so we make the approximation over this range that it is negligible. For softer 
matrices (E < 1 kPa), however, it may become more significant, requiring tracking of bead 
positions in three dimensions, which complicates the mathematical analysis. In our 
experience the elastic modulus that this applies to is somewhat cell type dependent. For 
example hESCs, in contrast to the mammary epithelial line MCF10A, relocalize much of 
their actomyosin contractile apparatus to the apical rather than basal domain, resulting in 
strong and concerted intercellular contractility. In large mm sized colonies where the hESC 
colony appears to be anchored primarily at the edges, the result of this coordinated 
contraction is a significant downward bending of the substrate (tens of microns) for E < 1 
kPa. This is less apparent for MCF10A cells. This method does not treat these more 
complicated cases.
In this application of PA gels as adhesive surfaces for cell culture the gel is cast between two 
coverslips, one modified to covalently couple to the polymerizing PA gel that provides a 
rigid bottom support and the other (top) rendered non-stick that is peeled away following 
polymerization. Use of small volumes of polymerizing solution keeps the gel thin (~100 µm) 
and surface tension prevents both spillage out of the side and ideally maintains the gel at a 
uniform thickness. For MSM applications, fiduciary fluorescent beads are ideally exactly at 
the surface of the gel-cell interface (the mathematical analysis of cell–matrix traction forces 
assumes that all forces are exerted in a flat plane parallel to the plane). To achieve this, gels 
are cast between top and bottom coverslips separated by a thin spacer and the assembly is 
clamped together at the top of a screw cap centrifuge tube. This assembly can be centrifuged 
to sediment beads much more rapidly and uniformly to the interface, before the onset of 
significant polymerization.
1. Gels are prepared on #1 18 mm round coverslips for both top and bottom. For 
cleaning and glutaraldehyde modification of the bottom coverslip we refer to our 
earlier publication [27]. Top coverslips are cleaned by washing for several hours in 
a 10% dilution of household bleach followed by water washes, 100% ethanol, 
further water washes then air drying. Top cover-slips are then rendered non-stick 
by coating with 1 or 2 microliters of Rain-X (available from any automotive supply 
store) spread over the surface with a pipet tip. The dried Rain-X is spread to a 
uniform layer by buffing with a lint-free wipe (Kim-wipes). It is helpful to avoid 
confusion as to which side has been treated to label the side opposite with the word 
TOP. Top and bottom coverslips can be reused: Top coverslips by repeating the 
procedure described above. Treatment of bottom coverslips for 1+ days in 10% 
bleach before repeating the protocol described in [27] is sufficient to remove 
residual acrylamide. Modified bottom coverslips can be autoclaved to sterilize.
2. Spacers with an outer diameter of 18 mm and an inner diameter of 14 mm are made 
with corresponding round hammer-driven punches for soft materials that may be 
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obtained from many tool suppliers (ex McMaster-Carr). Spacers may be made from 
many types of plastic sheet but for MSM we prefer thin (127 µm or 0.00500 thick; 
McMaster-Carr, Cat.#855815K102) polycarbonate film. Following punching these 
are gently sanded with very fine (>600 grit) sandpaper to remove rough edges that 
may be created during punching. Gently wash with water before use to remove 
loose sanded material. These may be reused indefinitely but any that become 
kinked either during preparation or subsequent use should be discarded.
3. Refer to [27] for a list of materials in Table 1. Many sizes and colors of fluorescent 
beads may be used. The chosen bead size should be significantly (at least 10-fold) 
smaller than one cell diameter so several beads underlie each cell, but large enough 
to provide accurate positioning. In general, smaller beads can be used as the power 
of the microscope objective increases. In practice we find that 1 µm diameter beads 
(FluoSpheres, Molecular Probes, Cat# F-8821) are the minimum size if a 4× 
objective is used because of the possibility of positioning errors, while for a 10× 
objective, much smaller sizes could be used. These are resuspended and diluted 1:4 
in sterile PBS as the working stock used in Table 1. Beads are sonicated for 15 min 
in an ultrasonic cleaner/water bath (ex Branson Model 2510), then left undisturbed 
for 30 min to allow larger bead aggregates to sediment. Gel solutions are assembled 
according to Table 1 excepting potassium persulfate. The bead suspension is added 
by pipetting the appropriate aliquot from just below the surface of the suspension 
after standing. The gel solution is briefly sonicated again (5 min) to further break 
up residual bead clumps. Potassium persulfate (PPS) is dissolved in sterile water 
and degassed together with the gel solution for at least 30 min under vacuum 
(house vacuum of 20 ± 5 mmHg is sufficient). Freshly made PPS and degassing are 
required for efficient polymerization of these thin gels. Following degassing, gel 
solution and PPS are placed for 5 min on ice to cool. Cooling slows polymerization 
and allows more time for assembling the gel sandwich.
4. To cast gels the bottom coverslip is placed on a small post (we use a 2 ml capless 
centrifuge tube wedged into a standard Eppendorf rack and wrapped at the top with 
Parafilm to render it less slippery). The spacer is placed on the coverslip and 70 µl 
of the cooled gel solution is added to the center immediately after the appropriate 
amount of 1% PPS has been added (Fig. 1). Working quickly, the top coverslip 
(non-stick side down) is laid on the cooled gel solution. The sandwich is picked up 
at one edge with blunt forceps and the opposite edge is dabbed onto a Kimwipe to 
drain excess volume, ensuring that the volume of gel solution is relatively constant. 
The assemblage is then clamped into the centrifuge tube as described below (Fig. 
1).
Critical: these gels should be made quickly and in small batches to ensure that they 
are centrifuged prior to gel solidification.
5. To make the coverslip-spacer-gel sandwich clamp we used a 3D printer (UPrint 
Plus, 254 µm layer resolution, Stratasys) to print an ABS modified version of the 
cap on a 15 ml conical bottom centrifuge tube (Corning Cat# 430052) with a thread 
compatible with the tube (Fig. 1, photograph inset). The Autodesk Inventor file as 
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well as the corresponding STL file for this and all other printed parts referred to in 
this article is available on request. As described below, this modified cap is 
multifunctional, serving both as clamp and as a component of the cell culture well/
microscope stage.
6. Working quickly, the gel sandwich is coaxed into the bottom of the inverted cap 
with top coverslip up. Once seated in the cap base the 15 ml conical tube is inverted 
and screwed in until it gently but firmly squeezes the gel sandwich assembly. The 
tube is turned upright and centrifuged for 10 min at room temperature at 200g using 
a swinging bucket rotor (Fig. 1). This sediments the beads to the interface of gel 
and top coverslip. After centrifugation the tube assembly is placed upright in a 
stand and transferred to a humidified environment at 37 °C for 1 h to polymerize.
Critical: always use a swinging bucket rotor so tubes are not spun at an angle, to 
ensure even bead distribution and keep tubes perfectly upright after centrifugation 
while gels are solidifying.
7. Following polymerization the clamp assembly is unscrewed and the sandwich is 
carefully removed. The top coverslip is removed by prying using the edge of a 
razor blade. The spacer is removed and the bottom coverslip with attached gel is 
dipped briefly in ethanol and then placed gel side up in a petri dish containing 
sterile 0.9% (w/v) NaCl. Placing the gel sandwich in a petri dish of cold water for 
5–10 min is helpful for removal of the top coverslip. Gels can be stored for long 
periods at 4 °C in 0.9% (w/v) NaCl but adding NaN3 to 2 mM is advisable to 
prevent growth of microorganisms.
2.2. Functionalizing PA gels with ECM ligands
The chemistry of functionalizing the surface of PA gels with ECM ligands is similar to the 
method we published previously [27]. Briefly, sites of unsaturation that remain on the 
surface of the gel provide points of covalent attachment for a thin protein reactive layer 
polymerized on the surface. In our previous method this was a free radical UV photoinitiated 
copolymer of bisacrylamide and a linear heterobifunctional compound with acrylic acid and 
N-hydroxysuccinimide ester functionalities at opposite ends (N6) whose synthesis we 
described [27]. This chemistry allowed sufficient levels of ECM ligands to be immobilized 
on the gel surface such that cell adhesion was reasonably robust and cell spreading was 
dependent on PA elastic modulus.
Since our previous publication, multifunctional methacrylates were shown to serve as robust 
adhesive surfaces for the culture of hESCs and can physically absorb proteins, providing 
additional mechanisms for ECM-ligand attachment [38]. While these materials, used as solid 
polymers, were limited in their range of potential compliances, their chemistry was 
compatible with our copolymerizing system. A combination of the addition of dilute 
concentrations of di(trimethylolpropane) tetraacrylate and a 10-fold reduction in N6 
concentrations was found to maintain robust ECM-ligand surface attachment (Fig. 2A), and 
promote the adherence and survival of hESCs with similar dependencies of cell spreading as 
a function of elastic modulus. Importantly though, this new formulation was less prone to 
the formation of macroscopic copolymeric deposits than our previous work [27], producing 
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a more even and uniform distribution of ligand (Fig. 2B). In our hands (unpublished 
observations), this new formulation has been successfully applied to many ligands 
(Fibronectin, Collagen I, Laminin 1,1,1, and Matrigel) and many different cell types, 
including neural stem cells, endodermal progenitor cells, mouse ESCs, mammary epithelial 
cell lines, neural tumor cell lines, mammary tumor cells, primary mouse hepatocytes, 
primary fibroblasts, and primary mammary epithelial cells.
We present here this modified method, which preserves the cellular response to bulk gel 
compliance and provides significant advantages, including low cost, scalability and 
reproducibility. In addition to the modification in the chemistry we also present changes in 
the logistics of surface functionalization that take advantage of the modified 3D printed caps 
described above.
1. Bottom coverslips with 14 mm concentric PA gels are removed from storage and 
placed gel side up on a small non-slip post (See Protocol 2.1 Step 4).
2. Using hammer driven round punches, compressible, biocompatible gaskets of 18 
mm outer diameter and 14 mm inner diameter are prepared from soft thin silicone 
film (McMaster-Carr, Cat#86435K45 0.0200 thick, Durometer 20A or 35A). These 
are washed in water and sterilized by autoclaving and are placed on the concentric 
outer ring of bare glass that remains after disassembly of the gel sandwich 
described above (Fig. 2C).
3. Bottom coverslip and gasket are placed in the 3D printed cap gel side up. A 15 ml 
Corning conical bottom centrifuge tube can be modified to form the walls of the 
functionalization/culture well. The tube is cut below the 14 ml mark with a small 
saw, filed as level as possible to the 14 ml mark and gently sanded. This is screwed 
into the base, compressing the gasket against the glass edge, forming a liquid tight 
seal and a gel-bottomed culture well. Alternatively, we designed and 3D printed an 
ABS modification of this part that in addition contains internal guides that more 
accurately center and solidly hold the plating guides described below (Protocol 
2.3). Microscopic pores between extruded ABS layers in the inner wall of this part 
must be sealed post printing either by applying acetone to the surface or by 
exposing to acetone vapor to ensure that it is liquid tight. Having the gel fixed in 
the base of the vessel facilitates ease of subsequent handling as well as providing 
the means of imaging unstressed bead positions accurately prior to plating cells 
(Protocol 2.4).
Critical: maintaining sterility of gel chambers requires washing caps and gaskets in 
10% bleach overnight, or autoclaving these materials before each use. Once the gel 
is reassembled, all steps should be performed in a laminar flow hood suited for 
tissue culture.
4. The gel assembly is placed into one well of a modified standard 12 well tissue 
culture plate and filled with 1 ml of 0.9% (w/v) NaCl to prevent gel drying while 
solutions are prepared for functionalization. The bottoms of the wells of this plate 
are drilled out using an 11/1600 spade bit. This leaves an edge of several mm at the 
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base on which the gel well assembly rests with a wide enough opening to permit 
complete UV illumination from below (Step 6).
5. Using Table 2 as a guide and calculating 0.5 ml solution per gel, sterile water, 0.5 
M HEPES pH 6, ethanol and 0.2% (w/v) bisacrylamide are combined and degassed 
under vacuum for 20 min. 10 min before degassing is finished, 0.9% NaCl is 
aspirated and gels are washed first with 1 ml of sterile water and then with 1 ml of 
70% (v/v) ethanol for 5 min. Gels should not be exposed to ethanol for long periods 
as swelling and/or dehydration may irreversibly deform the surface.
6. After degassing the mixture in Step 5, N6 is dissolved to 0.6 mg/ml in ethanol and 
added, along with the appropriate volume of 3% (w/v) Irgacure 2959 (Ciba) and 
0.2% (v/v) di (trimethylolpropane) tetraacrylate (Sigma Cat#408360), both 
prepared as stocks in ethanol. Ethanol is aspirated from the gels and 0.5 ml of 
functionalizing solution is added. Gels are then exposed to UV light for 10 min to 
copolymerize N6, bisacrylamide and di(trimethylolpropane) tetraacrylate (Fig. 2D). 
We use a Spectroline model EN-180 handheld UV source with long wavelength 
(365 nm) peak emission, invert the source and place the plate-gel assembly on top 
so the gels are illuminated from below. We refer the reader to our earlier article 
concerning synthesis, stability, and storage and handling of N6 and the substitution 
of the commercially available compound acrylic acid N-hydroxysuccinimide ester 
(Sigma Cat#A8060) for N6 [27].
7. After functionalizing, the plate gel assembly is placed on ice, the solution is 
aspirated and gels are washed in succession 5 min per wash 1 ml per gel with 
gentle agitation two times with cold, sterile 25 mM HEPES pH 6 and two times 
with cold, sterile 0.9% (w/v) NaCl.
8. After aspiration of the last wash gels are incubated with the ECM ligand of choice. 
Several buffers are possible for this step but should be amine free and alkaline in 
pH. A good general choice for a number of ECM ligands including fibronectin, 
laminin1,1,1, collagen I, collagen II and Matrigel (BD Biosciences Cat#354234) is 
0.1 M HEPES pH 8, 0.1 M NaCl. Gels are incubated in 0.5 ml/gel cold sterile 
buffer with the appropriate concentration of ECM ligand overnight at 4 °C. 
Concentrations of ECM ligands vary from 10 to 200 µg/ml. We refer again to our 
earlier article for a discussion of the variation of immobilized ligand density, and 
parameters of cell adherence including spreading and generation of single cell 
traction forces as a function of the solution phase ligand concentration [27]. The 
modification in chemistry presented here does not significantly change these 
recommendations. For hESCs we use a mix of 200 µg/ml Matrigel and 25 µg/ml rat 
tail collagen I.
9. After immobilizing, ECM ligand gels are incubated for 30 min with 1 ml/gel sterile 
50 mM HEPES, 0.1 M glycine pH 8 at room temperature then washed four times 
over 1 h with 1 ml/gel sterile 1x PBS.
TIP: thorough washing of gels is required to quench remaining unreacted N6 and 
other functionalization components.
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Finally, gels are placed in a cell culture incubator for 1–2 days in 1 ml/gel 
DMEM:F12 containing 250 µg/ml Fungizone, 100u/ml Penicillin, 100 u/ml 
Streptomycin and 50 µg/ml Gentamycin. These washes remove undesirable toxic 
agents/byproducts and the incubation in media ensures that the gels are sterile prior 
to use.
2.3. Plating epithelial cells as collectives
Modeling the forces that underlie cell movements in coherent epithelial monolayers, as may 
occur during wound healing or in the large scale movements associated with embryonic 
development, necessitates methods for preparing cellular monolayers. The distribution of 
these forces is sensitive to the overall size and shape of the monolayer and can influence the 
developmental fate of cells [39], so some control of these parameters is also desirable. Many 
disaggregated epithelial cells, including hESCs, will regenerate such monolayers rapidly if 
plated at high densities on an adherent substrate, but the final monolayer geometry in 
standard tissue culture is unpredictable. Micropatterning approaches that spatially control 
adherent and non-adherent regions allow precise control of monolayer shape and size but 
may be difficult to implement and do not permit study of the forces underlying outward 
epithelial monolayer migration. A simple solution to these demands is to plate cells at high 
density using a mask of defined geometry that restricts access of plated cells to a small 
region of the adherent surface [40].
We present here an implementation of this approach using 3D printed plating guides that act 
like a funnel, guiding cells to a defined location on an adherent PA surface. Guides are 
removed after cell adherence, maintaining the overall size and geometry of the funnel outlet 
as coherent epithelial monolayers reform over 12–24 h. With these guides we can also 
control the final location of the monolayer on the gel, which permits acquisition of 
unstressed bead images prior to rather than after plating cells. This allows forces to be 
recovered non-destructively, permitting use of these monolayers for subsequent molecular 
analysis. This provides a means of mapping cell and molecular correlates to the underlying 
forces without having to design and employ cells expressing often difficult-to-generate real 
time molecular reporters.
1. Fig. 3A shows an image of a 3D printed plating guide within the cap cassette 
assembly. The guide was constructed using an Alaris Objet24 printer (Stratasys) 
out of Vero White Plus employing PolyJet printing technology with z layer 
resolution of 28 µm and xy resolution of 42 µm. Alternative printing materials may 
be used, though this finer resolution is required for some of the smaller features of 
the guide. The guide is made as two parts to minimize support material and is 
screwed together by miniature machine screws.
TIP: removing all traces of support material from guides by scraping and washing 
is crucial to survival of plated cells, as support material was found to be cytotoxic.
The plating guide is designed to center the epithelial monolayer with respect to the 
walls of a cut 15 ml centrifuge tube (Step 3 Protocol 2.2) but the best centering and 
stability are obtained with the ABS printed replacement. Guides may be printed 
with many sizes and shape of outlet and the resulting monolayer adopts these 
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shapes and sizes for at least 1–2 days, as we demonstrate with colonies of varied 
geometry (Fig. 3B). Those we use throughout the article are circles with diameters 
of 1.8 mm (Fig. 3A).
2. Unstressed bead images may be collected either before or after cell plating. The 
setup required for collection of unstressed bead images before plating is described 
in Method 2.4.
3. Before plating cells, plating guides are sterilized by immersion in 70% ethanol and 
dried under laminar flow. The guides are placed funnel side down in wells and 
dropped from a low height to gently rest against the gel (Fig. 3C).
TIP: to form a continuous column of liquid within the channel of the guide and 
avoid trapping air, it is helpful to turn the guide upside down and pipet media into 
the guide channel base before placing the guide in the well and adding the cell 
suspension to the top of the liquid column.
The guide should be placed upright on the gel to minimize tilting, but it is 
important to note that for softer gels (E < 400 Pa) the weight of the guide may 
permanently deform the gel in a way that partially compromises acquisition of 
unstressed bead images prior to plating. These deformations are usually confined to 
where the outside of the guide rests against the gel and show up as a characteristic 
arc shape that is on the order of 1 mm from the colony edge. It is thus distal from 
cells and can be ignored.
4. For a 1.8 mm diameter circle, 5 µl of a suspension of 4 × 106 cells/ml (20,000 cells) 
is sufficient to form a coherent monolayer in 12–24 h. Before resuspending at high 
density, we pass a more dilute cell suspension through a porous filter (70 µm) to 
remove cell aggregates, resulting in more uniform plating densities. The cell 
suspension is best added using sterile tips designed for gel loading as they have a 
long narrow tip that can fit into the top of the guide channel without bumping the 
sides. The tip is inserted at the top of the guide below the level of the liquid column 
and cells are expelled with the pipettor, being careful not to expel any air. The gel/
guide assembly is then returned to the incubator and cells are allowed to plate and 
adhere for 1–2 h, after which the guide is lifted vertically out of the well. Sideways 
motions of the guide should be minimized to avoid damaging the gel and to avoid 
liquid flows which may disturb the sometimes loosely adhered cells. The resulting 
colonies maintain their circular shape for several days on soft gels (Fig. 3D), 
though differences can be seen in the edge morphology of colonies made up of 
cells of different epithelial origin (Fig. 3E).
5. We refer to our earlier publication for the maintenance and culture of hESCs [27], 
which discusses the requirement for the Rho kinase inhibitor Y27632 for adhesion 
of hESCs especially to soft gels. Here, when we plate hESCs as described above, 
they reform monolayers within 12–16 h in the presence of 10 µM Y27632 even on 
the softest gels, after which time Y27632 can be removed stepwise without 
triggering extensive cell death. Half of the media is removed and replaced with an 
equal volume of fresh pre-warmed primary mouse embryo fibroblast conditioned 
Przybyla et al. Page 11













media, and cells are allowed to adapt for a couple of hours before this is repeated 3 
times throughout one day. Once the monolayer is formed, cells are ready for 
acquisition of stressed bead images either as a single time point or as part of a time 
sequence and may incorporate experimental treatments including drug treatment or 
induction of differentiation.
2.4. Acquisition of bead images
1. Stressed and unstressed bead images are acquired using an inverted widefield 
epifluorescence microscope equipped with a computer controlled motorized 
microscope stage with xyz linear encoders for accurate positioning, equipped with 
sample temperature, humidity and gas control. The printed stage insert we designed 
has a single gas port leading into a chamber, for which a low gas flow of a blended 
gas mix of 5% CO2 95% air regulated by a rotameter (Cole Parmer Model 
PMR1-010291 is one such low flow alternative) is sufficient to maintain adequate 
pH control of standard tissue culture media. The gas is bubbled through sterile 
water maintained at 37 °C and small reservoirs of sterile water are included in the 
chamber to maintain chamber humidity and prevent osmotic changes due to 
evaporation. In our setup the entire microscope stage, objectives and condenser are 
enclosed in a Plexiglass box with forced air temperature feedback control (In Vivo 
Scientific) to maintain temperature at 37 °C. With this arrangement cells can be 
imaged for at least several days. The microscope should be equipped with 
motorized high speed excitation and emission filter wheels and a high quality 
cooled CCD camera. We are using a Nikon Eclipse TE2000-U inverted 
epifluorescent microscope with Prior Scientific xyz positioning stage and high 
speed filter wheels and a Roper Scientific monochrome cooled CCD camera. 
Software control is via Nikons NIS Elements.
2. To collect unstressed bead images before plating, it is a precondition that gels 
maintain a fixed position in x and y with respect to the positioning system of the 
microscope stage and do not undergo rotation when transported to and from the 
microscope. This was done by 3D printing a stage insert that could double as a 
tissue culture plate in a standard incubator, into which the gel assembly can be 
tightly screwed (Fig. 4A). After screwing gels into the stage, 0.7 ml/gel media is 
added to the wells and a 3D printed environmental chamber is screwed into the 
microscope stage to isolate the gels. This assembly is then fitted tightly into the 
motorized microscope stage and images of unstressed beads are acquired (Fig. 4B).
3. Epithelial monolayers are initially plated on the order of mm and this size will 
usually increase over time. If unstressed bead images are collected before plating, 
some allowance must also be made for random deviation in the position of the 
plating guides that changes the exact position of the colony on the gel. With the 
printed parts we describe here we find that this deviation is usually on the order of 
a few hundred microns at most. The size of the unstressed bead field that must be 
acquired will depend on these considerations. For the 1.8 mm diameter hESC 
colonies that we plated here using our guides we find that imaging an 
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approximately 4 mm by 4 mm square of unstressed beads prior to plating provides 
a generous margin of error.
4. To image this large area requires multiple overlapping fields of view (FOV) that 
are stitched together post acquisition. The number of required FOV depends on the 
size of the overall image, the degree of overlap, the magnification of the objective, 
and the chip size of the CCD camera. We used a Nikon 10× objective (Plan Apo 
NA 0.45 and 4 mm working distance), which gives an unbinned pixel size of 0.65 
µm/pixel and an overall camera FOV of 904.8 µm by 676 µm for our Roper 
Scientific CoolSnap HQ Camera. We designed a simple Excel spreadsheet 
calculator that has as fixed input camera FOV (in µm) and as parameters desired 
FOV fractional overlap in x and y and desired total scan length in x and y (both in 
µm) as well as the desired number of overlapping FOV in x and y. We iteratively 
change these parameters to optimize the overall scan. We use a Fiji plugin to stitch 
images together, which has a single overlap input for both x and y, requiring us to 
fit to a desired FOV fractional overlap that is fixed for both x and y. With the 
configuration described above, a 6 × 8 = 48 FOV image covers 4.040 mm × 3.957 
mm from edge to edge with 0.3 as fractional overlap. A second Excel spreadsheet 
calculator then takes as input scan distance and fractional overlap together with a 
point defined by the stage positioning system to calculate a series of row by row 
stage positions that accomplishes these scan parameters with the defined point as 
the center of the image. For each well of our stage insert this point is defined by the 
stage positioning system when the camera FOV is centered on the outlet of the 
plating guide inserted into that well with the stage insert fixed in the microscope 
stage. Corresponding scan points are input into the xy stage positioning system of 
the NIS elements interface, and this saved set of points can then be offset to any 
arbitrary stage position to define sets of points for other wells. The scanned stitched 
image covers an area centered on the point at which the epithelial monolayer will 
subsequently be plated. For each xy position the optimum focus for the beads is set 
and the position recorded, then the image is acquired automatically for this set of 
scan points. Individual images are exported as tiffs and stitched together using the 
Fiji plugin Grid Collection Stitching [41] with subpixel resolution. With our 
custom printed stages and gel mounts the gel surface is orthogonal or nearly 
orthogonal to the optical axis. Typical deviations are on the order of 10 microns (in 
z) over 4 mm in x or y or 1.7 micron per FOV in x and 1.3 micron per FOV in y. 
These small changes in z per FOV mean that the relevant beads are nearly always 
within the focal plane of the 10× objective with resulting improvements in 
positional accuracy.
Critical: if focal plane deviates significantly across the image due to a canted or 
uneven gel such that there are FOVs with regions of beads that are not perfectly in 
focus, this gel will likely be unsuitable for image analysis and processing.
5. Once cells are plated as described above (Method 2.3), the stage insert is returned 
to the microscope stage, and for each well the stage is moved to the initial scan 
point as defined above and the beads are brought into focus. The first unstressed 
bead image recorded earlier is opened in NIS elements and the xy position of the 
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live image is adjusted so that its FOV matches that of the unstressed image. The 
first scan point in our example is very far from plated cells so there is no distortion 
of the two images due to contractile cellular forces that would complicate this 
alignment. This new stage position is then used to offset all of the previous scan 
points, and each position is visited to update the z position for the best focal plane 
and the image is acquired.
6. Following acquisition of scanned bead images again (after plating) these bead 
images are stitched using Grid Collection Stitching and before (unstressed) and 
after (stressed) stitched images are registered. Good registration can be obtained 
using the Fiji plugin TurboReg [42] treating the images as rigid bodies aided by the 
large area of unstressed beads surrounding the colony in both images. Rigid 
registration is recommended to prevent any artifactual bead deformations that 
might result for those methods that allow for elastic deformations in the registration 
process.
7. How the bead movements defined by these registered images are converted to cell–
cell and cell–matrix vector force fields has been recently covered in detail [40] and 
will not be restated here.
3. Results and discussion
Using the methods described here, one can generate detailed maps of cell–matrix traction 
forces from hESCs seeded in mm-sized circular monolayers on bead-containing 
polyacrylamide gels of a range of elastic moduli from physiologically soft to 
supraphysiologically hard. We showed previously that on soft but not stiff matrices, these 
monolayers form a columnar pseudostratified epithelia resembling the in vivo 
pregastrulation epiblast [27]. Here, we add control of monolayer size and shape, 
demonstrating geometries that are similar to those of the embryo at a relevant developmental 
stage. Recently it was shown that similar sized and shaped colonies of hESCs undergo a 
complex and radially organized pattern of germ layer differentiation when treated with high 
concentrations of BMP4 [36], suggesting that developmental self-organization may emerge 
in the collective dynamics of large cellular aggregates. In addition to biochemical gradients, 
it is likely that cell–cell and cell–matrix mechanical forces contribute to these large tissue 
scale reorganizations [43], but little is known about such forces in the context of 
developmental biology. To address this, we have developed an approach to measure 
dynamic mechanical forces, which can be applied to studies of germ layer differentiation 
and developmental patterning. While other approaches have demonstrated that mechanical 
signals affect stem cell differentiation [44,45] and embryonic development [4–6], our 
platform allows for correlation between specific developmental fates and the associated 
tissue-level forces. By demonstrating not only the ability to alter the mechanical signals 
presented to cells but also to non-destructively measure the cell-intrinsic forces and analyze 
the spatial distribution of molecular markers, we show that this simple system can be applied 
to study the forces associated with developmental processes.
By way of demonstration of the feasibility of our approach we show the results from a 
horizontal cross-section through a single hESC colony (Fig. 5A) seeded on a polyacrylamide 
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gel of E = 1000 Pa. The stitched unstressed bead image was acquired prior to plating cells 
and acquisition of stressed bead images. Registration of the two images yields a map of 
displacements (Fig. 5B), which can be converted to displacement vectors by Particle Image 
Velocimetry (PIV). This displacement map is utilized to reconstruct cell–ECM tractions by 
assuming a linear-elastic substrate and applying the unconstrained Fourier transformed 
traction cytometry method (Fig. 5C) [40,46,47]. Because these tractions must be balanced 
throughout the cell layer according to Newton’s laws, cell–cell forces can be computed by 
using a finite element approach (Fig. 5D) [20,40]. We show that cell–matrix and cell–cell 
stresses are strongest around the edges of the colony and predominately point inwards, and 
are low or virtually absent within the center (Fig. 5C).
Our prior work suggested that hESC colonies are collectively highly contractile [27] but the 
magnitude of this relative to other epithelia was unclear. In Fig. 5E we show a simple 
comparison of an hESC colony to a similar sized colony of a normal polarized epithelial cell 
line, MCF10A, acquired by our approach and analyzed by PIV using the PIV plugin for FIJI 
[48]. Cell matrix stresses are much higher at the edges of hESC colonies than those at 
MCF10A colony edges, which are lower and more diffusely distributed through the colony.
While we do not have sufficient experimental data to determine the underlying molecular 
basis for this difference we conjecture that this is the result of differences in the organization 
of the actomyosin contractile apparatus between these two epithelia. On softer substrates, 
hESCs organize the contractile apparatus as circumferential bands at the apical surface near 
well-developed E-cadherin-based adherens junctions [27], resulting in strong intercellular 
contractions that seem to be coordinated over most of the extent of the colony. Apical 
constriction such as this is known to initiate cell ingression during gastrulation [49]. In the 
unattached state, coordinated apical contractions cause a concave curling up of the colony 
edges, as precedes topological closure and embryoid body formation of detached colony 
fragments. When attached, this upward curling force is likely resisted by strong edge 
attachments, leading to large deformations of the gel at the edges. In the case of MCF10A 
cells, more of the actomyosin contractile apparatus is located at the basal domain with the 
consequence that intercellular contraction is lower and groups of cells are likely coordinated 
over shorter ranges (10–100 s of microns). Subsequent fixing and staining of the hESC and 
MCF10A colonies shows that vinculin is more strongly concentrated at the edges of hESC 
colonies and proximal to the highest stresses (Fig. 5F). This suggests that vinculin 
expression and/or localization may also underlie or result from some of these differences. In 
addition, this illustrates the potential utility of our method to obtain molecular correlates to 
the underlying cellular mechanics.
Aspects of our methods have been published elsewhere to achieve similar ends, but we 
believe that our comprehensive protocol is optimally suited to culture of hESC colonies on 
traction force gels of low elastic modulus. Other approaches for depositing beads uniformly 
near the cell-gel interface have been published, including using a two-layer approach [50] or 
positively charging the top coverslip to coat it with beads [51]. While we have not compared 
these approaches side-by-side, they have predominantly been applied to single cell traction 
force microscopy of stiffer gels. However, for the high quality colony-wide traction data we 
require, gels must be defect-free and uniform over a large area. We find, particularly for soft 
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gels, that hydrophobic as opposed to charged top coverslips are best suited for this 
application as they are more reliably removed without tearing or deforming the underlying 
gel. Our method (2.1) permits consistent production of gels of uniform thickness and low 
compliance with beads at the cell-gel interface, at least for beads of ⩾0.5 µm. However, it is 
possible that for applications requiring small beads, centrifugation may be inadequate to 
sediment the beads, so other approaches may be required. Consistent gel preparation and cell 
plating at low stiffness are important because the epithelial cell behaviors that are most 
relevant to physiological processes occur in vivo in the context of tissues, which typically 
have an elastic modulus between 100 and 5000 Pa [52], with developmentally relevant 
stiffnesses at the low end of this range.
Beyond our technical substrate improvements, our methods also include enhanced control 
over biophysical parameters which we couple with the ability to correlate forces with protein 
expression. We can mimic any formation of adherent cell collective that is found in vivo, 
and analyze how forces develop with addition of relevant growth factors or inhibitors. While 
we have observed that hESCs maintain pluripotency across multiple passages on soft gels 
when plated as single cells or in circular colonies, others have demonstrated radial 
segregation of developmental markers in large hESC colonies that are induced to 
differentiate [36], exposing patterns that would not be elaborated in single cells. This 
indicates that geometry and regional heterogeneity can contribute to differentiation potential, 
and it is possible that beyond soluble signals provided to cells, differences in force 
organization could underlie this heterogeneity. Substrate stiffness has been shown to 
influence stem cell differentiation [44,45], so the endogenous forces that cells in a collective 
exert on each other are also likely to play a role, a hypothesis that can be rigorously tested 
by adapting the methods described here to include differentiation protocols.
Beyond differentiation and development, additional applications of these methods include 
cell biology studies involving cell collectives of epithelial origin that present a particular 
behavior related to cell motility or mechanics. For example, collective cell motility could be 
analyzed in detail and correlated to expression and localization of cell polarity proteins, or 
reorganization of cells within a colony could be monitored after addition of an EMT 
initiating factor such as TGFβ. This method to reproducibly generate high-density colony-
wide traction force maps and compare regions of traction and cell stresses to protein 
expression is robust and widely applicable to address outstanding questions about 
relationships between force generation and cell behavior.
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Diagram of casting method for preparing traction force gels with planar fluorescent bead 
layer. See text for details. Inset photograph shows 3D–printed cassette used to house 
polyacrylamide traction force gels.
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Functionalization of traction force gels compatible with multi-day culture of hESCs. (A) 
Relative PA gel surface bound biotin labeled Matrigel proteins as a function of total solution 
phase Matrigel concentration for the modified chemistry described herein. Biotin-labeled 
proteins were indirectly detected by streptavidin-horseradish peroxidase complex in an 
ELISA format using O-phenylenediamine-H2O2 as substrate with endpoint product 
measured by absorption at 490 nm. (B) Phase images of gel surfaces (large panels) and 
corresponding distribution of PA gel surface-bound biotin labeled Matrigel proteins detected 
with Alexa555 labeled streptavidin (insets). Leftmost two panels show specific (left panel; 
with Matrigel) and non-specific (middle panel; without Matrigel) streptavidin binding for 
the modified chemistry described herein compared to specific binding for the earlier 
chemistry described in [27] (right panel). Note the discrete co-polymeric deposits of N6 and 
bisacrylamide in this particular example of the latter compared to the more consistent 
uniform distribution obtained with the modified chemistry. (C) Traction force gels are re-
inserted into cassettes and put into multi-well plates for functionalization. (D) 
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Functionalization solution containing N6, Irgacure, and tetramethacrylate is added to gels 
before undergoing UV treatment and subsequent washes prior to plating cells.
Przybyla et al. Page 22














Plating unrestricted cell colonies of arbitrary geometry. (A) Photograph of 3D–printed 
plating guide sitting within gel cassette used to create adherent colonies of arbitrary 
geometry on polyacrylamide gels. (B) Images of crystal-violet stained hESC colonies 
created using different shaped plating guides. (C) Diagram of funnel-shaped plating guide 
resting on traction force gel for cell seeding. (D) Image of mature hESC colony growing in 
self-renewal media (left) and MCF10A colony (right), both on a 1000 Pa gel. Scale bars = 
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500 µm. (E) Magnified image of colonies shown in (D) to show colony edge morphology. 
Scale bars = 100 µm.
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Stage insert and microscope setup for gathering traction force images prior to plating cells. 
(A) Photograph of 6-well assembly for culture and microscopy of consistently centered 
colonies on traction force gels. Cassettes have threads to screw firmly into stage insert. (B) 
Fully assembled stage insert with environmental control lid inserted into microscope. Arrow 
indicates connection to CO2 input line. (C) Bead images before (left) and after (right) plating 
cells. All scale bars = 100 µm. (D) The subtracted image indicating changes in bead location 
from large bead plots shown in (C). Bottom panel displays corresponding cell location via a 
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MUC1-venus membrane marker. Scale bars = 100 µm. (E) Diagram showing where and 
when bead images are taken in the context of the gel and cell colony. Images are taken 
sequentially across a grid before and after colonies are plated.
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Force organization in hESC colonies. (A) Fluorescent image of a cross-section of an hESC 
colony plated on a 1000 Pa gel growing in self-renewal media. Cells express MUC1-venus 
membrane marker. Dashed line indicates the limits of the colony. (B) Colony map showing 
gel deformations in the x direction. (C) High-resolution traction force map resulting from 
the calculation using the Boussinesq algorithm for infinite gel substrate of finite thickness. 
(D) Intercellular and intracellular stresses σxx. (a–d) Magnification of the colony edge 
showing cells, deformations, tractions and stresses. (E) Fluorescent image of the edge of an 
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MCF10A (left) and an hESC colony (right) and the associated particle image velocimetry 
map depicting the direction and magnitude of bead movements from the unstressed versus 
stressed conditions. Both colonies are on 1000 Pa gels. (F) Immunofluorescence images of 
colony edges shown in (E).
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